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In recent years, dengue viruses (serotypes 1 to 4) have spread throughout tropical regions worldwide. In
many places, multiple dengue virus serotypes are circulating concurrently, which may increase the risk for the
more severe form of the disease, dengue hemorrhagic fever. For the control and prevention of dengue fever, it
is important to rapidly detect and type the virus in clinical samples and mosquitoes. Assays based on reverse
transcriptase (RT) PCR (RT-PCR) amplification of dengue viral RNA can offer a rapid, sensitive, and specific
approach to the typing of dengue viruses. We have reduced a two-step nested RT-PCR protocol to a single-tube
reaction with sensitivity equivalent to that of the two-step protocol (1 to 50 PFU) in order to maximize
simplicity and minimize the risk of sample cross-contamination. This assay was also optimized for use with a
thermostable RT-polymerase. We designed a plasmid-based internal control that produces a uniquely sized
product and can be used to control for both reverse transcription or amplification steps without the risk of
generating false-positive results. This single-tube RT-PCR procedure was used to type dengue viruses during
the 1995 and 1997-1998 outbreaks in Nicaragua. In addition, an extraction procedure that permits the sensitive
detection of viral RNA in pools of up to 50 mosquitoes without PCR inhibition or RNA degradation was
developed. This assay should serve as a practical tool for use in countries where dengue fever is endemic, in

conjunction with classical methods for surveillance and epidemiology of dengue viruses.

Over the last 20 years, classic dengue fever and the more se-
vere form, dengue hemorrhagic fever-dengue shock syndrome
(DHF-DSS), have emerged as the most important arthropod-
borne viral diseases in humans (22). During this period, den-
gue fever has spread throughout tropical regions worldwide,
principally in urban settings. Up to 100 million cases of classic
dengue fever are estimated annually, and roughly 450,000 cases
of DHF-DSS are reported annually, while approximately 2.5
billion people live in areas at risk for epidemic dengue virus
transmission (9, 22). The dramatic spread of epidemic den-
gue fever and the emergence of DHF-DSS occurred after
World War II in Southeast Asia, where DHF is now one of the
leading causes of hospitalization and death. This pattern of
epidemic dengue fever and emerging DHF is being repeated in
Latin America (10), where it is spreading throughout the re-
gion at an alarming rate.

Dengue fever is caused by four distinct serotypes of dengue
virus, which are transmitted to humans by the domestic mos-
quitoes Aedes aegypti and Aedes albopictus (22). The lack of a
vaccine or a cure for dengue fever make the development of
laboratory-based surveillance systems all the more important
to provide an early warning of dengue fever epidemics and to
furnish information for effective vector control measures (9). It
is crucial to determine which serotypes of dengue virus are
circulating where and when since previous infection with one
of the four dengue serotypes can be an important risk factor
for developing DHF-DSS upon infection with a heterotypic
serotype (11, 23). The current “gold standard” for typing den-
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gue virus involves isolation of the virus in cultured cells or
mosquitoes followed by indirect immunofluorescence. How-
ever, this requires cell culture facilities or mosquito colonies,
which are difficult to maintain in laboratories in developing
countries. The most rapid serological techniques, such as im-
munoglobulin M enzyme-linked immunosorbent assay with a
single serum sample, do not furnish information about the se-
rotype of the virus. The plaque reduction neutralization tech-
nique allows typing but is costly and difficult to perform.
Single-step reverse transcriptase (RT) PCR (RT-PCR) de-
tection and typing of dengue virus offers a sensitive, specific,
and rapid alternative that requires only one acute-phase serum
sample. This technique can be made cost-effective by following
a low-cost methodology (12-14). Early detection of dengue
virus in patient serum allows the possibility of mounting a rapid
response aimed at vector control in the affected areas. This
assay is also useful for typing the virus and providing important
information for epidemiological studies. In addition, rapid as-
says for the detection of dengue virus in mosquitoes are useful
for investigation of the virus and its vector in nature (6). Re-
cently, a number of molecular approaches to the detection and
characterization of dengue viral RNA have been described (8,
15, 18, 20, 24, 26, 28, 30, 34). Here we present a modified RT-
PCR assay for the single-step detection and typing of dengue
virus in clinical specimens and mosquitoes. This assay has been
simplified for use in countries where dengue fever is endemic.

MATERIALS AND METHODS

Virus strains and specimens. Virus stocks were kindly provided by the Centers
for Disease Control and Prevention (CDC) (serotype 1 dengue virus [dengue-1;
strain Hawaii], serotype 2 dengue virus [dengue-2; strain 16681], serotype 3
dengue virus [dengue-3; strain H-87], and serotype 4 dengue virus [dengue-4;
strain 703-4]) or were isolated in Nicaragua during the 1995 and 1997-1998
outbreaks. Human serum samples were obtained from patients clinically sus-
pected of having dengue fever within 0 to 4 days from the time of onset of
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symptoms. The samples had been collected for routine diagnosis of dengue fever
at the Centro Nacional de Diagndstico y Referencia in Managua, Nicaragua, in
June and July 1995 and December 1997 to May 1998.

Mosquito inoculation. Mosquitoes (4. aegypti Rock) were inoculated with
approximately 10° PFU of dengue-2 (strain 16681) by the method of Rosen and
Gubler (29). Adults were maintained at 27°C and were provided with 10%
sucrose as nourishment. Live mosquitoes were frozen at —70°C on days 1, 2, 3,
4, 6,7, and 21. A group of mosquitoes that had died 3 days postinoculation were
frozen on day 5. Uninfected 4. aegypti were reared in the laboratory in Nicaragua
from eggs laid by field-collected females.

Viral growth. A. albopictus C6/36 cells (16) were grown in minimal essential
medium (MEM) (Gibco BRL, Grand Island, N.Y.) containing Earle’s salts,
L-glutamine, and nonessential amino acids and supplemented with 0.11% sodium
bicarbonate, 100 U of penicillin per ml, 75 U of streptomycin per ml, and 10%
fetal bovine serum (FBS) (Gemini Bioproducts, Inc., Calabasas, Calif.). Baby
hamster kidney cells (BHK21-15) (19) were grown in MEM as described above,
except that 0.124% sodium bicarbonate and 5% FBS were used. Viruses were
propagated in C6/36 cells, and after incubation at 28°C for 7 days, the cellular
supernatant was clarified by centrifugation, supplemented with 20% FBS, and
stored at —70°C until use. For plaque assays, monolayers of BHK21-15 cells were
grown to 90 to 95% confluence in six-well plates and were inoculated in duplicate
with 200 pl of cellular supernatant containing serial dilutions of the viral stock.
After 2 h at 37°C, the cells were overlaid with MEM containing 1% SeaPlaque
agarose (FMC BioProducts, Rockland, Maine) and 5% FBS and were incubated
for 7 days at 37°C in 5% CO,. The cells were then fixed in 10% formadehyde for
2 h and stained with a solution containing 0.27% crystal violet. Virus isolation
was performed by inoculating C6/36 cells with a 5- to 20-fold dilution of a serum
specimen. After 7 days, isolated virus was serotyped with monoclonal antibodies
and by RT-PCR.

RNA extraction. RNA was extracted from serum or the supernatant of in-
fected cells by combining 300 wl of the sample sequentially with 300 wl of lysis
buffer (6 M guanidine isothiocyanate, 50 mM sodium citrate, 1% Sarkosyl, 20 g
of Escherichia coli tRNA per ml, 100 mM B-mercaptoethanol), 60 pl of 2 M
sodium acetate (pH 4.0), 600 pl of water-saturated phenol, and 240 pl of
chloroform and mixing after the addition of each of the reagents. After a 15-min
centrifugation, the aqueous phase was transferred to a new tube and was mixed
with an equal volume of isopropanol. Following a 20-min centrifugation at 4°C,
the supernatant was removed and the pellet was washed in 75% ethanol, air
dried, and resuspended in 25 pl of RNase-free sterile distilled water.

RNA was extracted from pools of infected or uninfected mosquitoes macer-
ated in 100 wl of phosphate-buffered saline. Prior to maceration, pools of unin-
fected mosquitoes were spiked with exogenous viral particles. The macerates
were clarified by centrifugation, mixed with 100 wl of lysis buffer (see above), and
extracted with a 1:1 mixture of phenol and chloroform. Five microliters of
acid-washed size-selected silica particles (13, 33) were added to each sample, and
the mixture was incubated for 5 min, pelleted by centrifugation, and washed
twice (50% ethanol, 10 mM Tris [pH 7.4], 1 mM EDTA, 50 mM NacCl). After
resuspension in 10 pl of RNase-free distilled water, the samples were incubated
for 5 min at 50 to 55°C and centrifuged. The eluate supernatant was transferred
to a new tube, and the pellet was resuspended in 5 pl of water immediately prior
to amplification. Alternatively, the washed pellet can be resuspended in 15 pl of
water and used directly for amplification.

Reverse transcription and PCR amplification. (i) Two-enzyme RT-PCR. The
reaction mixture contained 50 mM KCI, 10 mM Tris (pH 8.5), 0.1% Triton
X-100, 0.01% gelatin, each of the four deoxynucleotide triphosphates at a con-
centration of 200 uM, 1.5 mM MgCl,, 30 mM tetramethylammonium chloride
(5), 0.5 M betaine (25), 5 mM dithiothreitol, 5" primer D1 and 3" primer TSI at
a concentration of 1 uM each, 3’ primers TS2, TS3, and DEN4 at a concentration
of 0.5 uM each, 0.0017 to 0.025 U of RAV-2 RT (Amersham Corp., Arlington
Heights, I11.) per wl, and 0.025 U of Tag DNA polymerase (7ag DNA polymerase
[Promega Corp., Madison, Wis.]; AmpliTaq [Perkin-Elmer Corp., Foster City,
Calif.]) per pl. Reverse transcription was conducted at 42°C for 60 min, followed
by 40 amplification cycles of 94°C for 30 s, 55°C for 1 min, and 72°C for 2 min,
with a final extension at 72°C for 5 min. A total of 2.5 to 5 pl of extracted RNA
was used as a template in a 25-pl reaction volume. Amplification was conducted
in 0.6-ml tubes (Robbins Scientific Corp., Sunnyvale, Calif.) with a model 480
thermal cycler (Perkin-Elmer, Norwalk, Conn.) or a PTC-200-60 thermocycler
(MJ Research, Inc., Watertown, Mass.).

(i) Single-enzyme (r7th) RT-PCR. The reaction mixture for r7th RT-PCR
contained 115 mM potassium acetate, 8% glycerol, 50 mM bicine (pH 8.2), the
four deoxynucleotide triphosphates at a concentration of 200 wM each, 2 mM
manganese acetate, primers D1 and TS1 at a concentration of 0.5 uM each,
primers TS2, TS3, and DEN4 at a concentration of 0.25 uM each, and 0.05 U of
rTth DNA polymerase (Perkin-Elmer Corp.) per pl. One cycle of 60°C for 30 min
for the reverse transcription was followed by a 2-min incubation at 94°C and 40
cycles of 94°C for 45 s, 50°C for 1 min, and 60°C for 1 min, with a final extension
at 60°C for 7 min.

Primer sequences are as follows: D1, 5'-TCA ATA TGC TGA AAC GCG
CGA GAA ACC G; TS1, 5'-CGT CTC AGT GAT CCG GGG G; TS2,5'-CGC
CAC AAG GGC CAT GAA CAG; TS3, 5'-TAA CAT CAT CAT GAG ACA
GAG C (18); and DEN4, 5'-TGT TGT CTT AAA CAA GAG AGG TC. The
expected sizes of the amplification products are 482 bp (dengue-1), 119 bp
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(dengue-2), 290 bp (dengue-3), and 389 bp (dengue-4). Ten microliters of the
25-pd reaction mixtures was electrophoresed on 1.5% agarose gels in 1X TBE (89
mM Tris borate, 2 mM EDTA [pH 8.3]) with a 100-bp ladder as a size standard
(100, 200, 300, 400, 500, 600, 700, 800, 900, 1,000, 1,100, 1,200, 1,300, 1,400, 1,500,
and 2,072 bp; Gibco BRL) or Amplisize DNA size standards (50, 100, 200, 300,
400, 500, 700, 1,000, 1,500, and 2,000 bp; Bio-Rad Laboratories, Richmond,
Calif.).

Plasmid construction. To clone the dengue virus amplicons, dengue viral RNA
was amplified with 5" and 3’ primers containing the restriction sites EcoRI and
BamH]I, respectively, at their 5" ends. The products were treated with proteinase
K, digested with the appropriate restriction enzymes, gel purified, and ligated
with pBluescript (KS II; Stratagene Cloning Systems, La Jolla, Calif.) that had
been digested with EcoRI and BamHI and gel purified. To construct a control
plasmid with a dengue-3 fragment ~50 bp larger than the original amplicon, a
54-bp fragment was amplified from Leishmania braziliensis with primers 13A and
MP3H (1), treated with proteinase K (Promega Corp.), and then incubated with
T4 DNA polymerase (New England Biolabs, Inc., Beverly, Mass.) and the four
nucleotides. The plasmid containing the dengue-3 insert (pDB3) was linearized
within the insert by digestion with Styl, and the overhanging ends were filled in
by incubation with T4 DNA polymerase and the four nucleotides. After treat-
ment of the vector with calf intestinal alkaline phosphatase (New England Bio-
labs, Inc.), the 54-bp L. braziliensis fragment was ligated into pBD3 to create
pBD3L.

For in vitro transcription of the 350-bp dengue-3 fragment containing the
insert, pBD3L was linearized with Xbal immediately downstream of the den-
gue-3 insert and was incubated with T3 RNA polymerase (Promega Corp.) and
the four nucleotides for 60 min at 37°C. To remove the plasmid DNA from the
in vitro transcription reaction, the reaction mixture was treated with RQ1 DNase
(Promega Corp.) in the presence of 10 mM calcium chloride for 60 min at 37°C.
To confirm that only RNA remained, an aliquot was treated with RNase for 30
min at 37°C.

RESULTS

Single-tube RT-PCR assay. A one-tube RT-PCR protocol
was developed to reverse transcribe dengue viral RNA and
amplify four differently sized type-specific products. This pro-
tocol is an adaptation of a two-step nested RT-PCR assay
described by Lanciotti et al. (18). Five oligonucleotide primers
are included in the one-step assay: one 5’ primer that targets a
region of the capsid gene conserved in all four dengue virus
serotypes and four 3’ primers, each of which is complementary
to sequences unique to each serotype. These primers are po-
sitioned such that a differently sized product is generated from
each type, as shown in Fig. 1A, lanes 1 to 4 (dengue-2, 119 bp;
dengue-3, 290 bp; dengue-4, 389 bp; dengue-1, 482 bp). Several
modifications were made to the original protocol. The dengue-
4-specific primer was redesigned to avoid hairpin formation so
as to increase the yield of the dengue-4 product. Cosolvents,
such as tetramethylammonium chloride (5) and betaine (25),
were included in the reaction mixture to improve the sensitivity
of the assay. The concentrations of the different primers were
adjusted to optimize the amplification of all four products.

To test the sensitivity of the single-tube RT-PCR assay,
plaque titration and RNA extractions were performed simul-
taneously with each dilution of a serial titration of viral stocks.
One-tenth of the extracted RNA was amplified by RT-PCR.
Plaque formation has commonly been used as a measure of the
sensitivity of dengue viral RT-PCR assays (4, 24, 26, 28, 30),
although it is not a direct indication of the number of viral
particles. An example of the sensitivity of this assay is shown in
Fig. 1A, lanes 6 to 9, where serial 10-fold dilutions of a den-
gue-3 stock were extracted, reverse transcribed, and amplified.
The limit of detection was approximately 1 PFU for dengue-1,
50 PFU for dengue-2, 1 PFU for dengue-3, and 30 PFU for
dengue-4. Side-by-side comparisons of the one-tube method
and the original two-step protocol revealed that the two pro-
cedures had similar sensitivities (data not shown).

The single-tube RT-PCR assay was adapted for use with the
thermostable RT-polymerase r7th (Fig. 1B, lanes 1 to 4), ob-
viating the need for two separate enzymes. Optimal results
were obtained with one-half of the amount of r7th recom-
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FIG. 1. Detection and typing of dengue virus by using two versions of the
RT-PCR assay. (A) Reverse transcription with RAV-2 RT and amplification
with Tag DNA polymerase; (B) reverse transcription and amplification with the
bifunctional enzyme r7th. (A and B) Lanes 1, dengue-2 (den-2); lanes 2, den-
gue-3 (den-3); lanes 3, dengue-4 (den-4); lanes 4, dengue-1 (den-1); lanes M,
100-bp ladder (lowest band shown, 100 bp); lanes 5 to 8, dengue-3 at 1,000, 100,
10, and 1 PFU, respectively. (A) Lane 9, 0 pfu; lane 10, water (negative control).
(B) Lane 9, water. Expected product sizes are as follows: dengue-2, 119 bp;
dengue-3, 290 bp; dengue-4, 389 bp; dengue-1, 482 bp.

mended by the manufacturer. The primer concentrations in
this assay were reduced by 50% compared to the concentra-
tions used in the two-enzyme assay described above, and no
cosolvents were necessary. The sensitivity of the r7th assay was
similar to that of the two-enzyme protocol (Fig. 1B and data
not shown).

Internal control plasmid. As a positive control for the RT-
PCR assay, a plasmid containing a uniquely sized dengue-3
fragment was constructed. When amplified, this fragment can
be differentiated from the authentic viral amplification prod-
uct. The 290-bp dengue-3 product was cloned into pBluescript
(pBD3), and a 54-bp fragment was inserted to create a 350-bp
PCR substrate (pBD3L). Using this plasmid, an in vitro RNA
transcript can be generated for use as a positive control for
both the reverse transcription and amplification steps. Alter-
natively, the plasmid itself can be used as a positive control for

12345M6178

FIG. 2. Uniquely sized internal control. Lanes 1 and 2, authentic dengue-3
amplicon (den-3) and dengue-3 amplicon containing the 54-bp insert (den-3L),
respectively, excised from pBD3 and pBD3L with EcoRI and BamHI; lanes 3 to
5, RT-PCR products derived from pBD3, pBD3L, and the DNase-treated in
vitro transcript of pBD3L, respectively; lane M, 100-bp ladder (lowest band
shown, 100 bp); lane 6, in vitro transcript of pBD3L; lane 7, DNase-treated in
vitro transcript of pBD3L; lane 8, RNase-treated in vitro transcript of pBD3L.
Expected product sizes are as follows: dengue-3, 290 bp; dengue-3L, 350 bp.
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FIG. 3. RT-PCR detection and typing of dengue virus in serum from patients
infected during the 1995 epidemic in Nicaragua. RNA was extracted from serum
samples and was amplified by the two-enzyme single-tube RT-PCR assay as
described in Materials and Methods. (A) Lane 1, negative control (water); lanes
2 to 8, 11, and 12, samples from patients from the Atlantic coast of Nicaragua
(Bluefields); lane M, Amplisize DNA size standards (lowest band shown, 100
bp); lane 9, dengue-2 (den-2) RNA (positive control); lane 10, dengue-3 (den-3)
RNA (positive control). (B) Lanes 1 to 7, samples from patients from the
Atlantic coast of Nicaragua (Bluefields); lane M, Amplisize DNA size standards
(lowest band shown, 100 bp); lane 8, dengue-2 (den-2) RNA (positive control);
lane 9, dengue-3 (den-3) RNA (positive control); lane 10, dengue-4 (den-4)
RNA (positive control); lane 11, dengue-1 (den-1) RNA (positive control); lane
12, sample from a patient from central Nicaragua (Chontales). Expected prod-
ucts sizes are as follows: dengue-2, 119 bp; dengue-3, 290 bp; dengue-4, 389 bp;
dengue-1, 482 bp.

the amplification step only. Figure 2 (lanes 1 and 2) shows the
size difference between the original dengue-3 fragment and
the fragment containing the insert, excised from pBD3 and
pBD3L, respectively. The amplification products derived di-
rectly from plasmids pBD3 and pBD3L (lanes 3 and 4, respec-
tively) and from the DNase-treated in vitro transcript of
pBD3L (lane 5) are of the expected sizes. The last three lanes
demonstrate that the in vitro transcript of pBD3L (lane 6) is
sensitive to RNase (lane 8) but not DNase (lane 7).

RT-PCR detection and typing of dengue virus in clinical
specimens. During outbreaks of dengue fever in Nicaragua in
1995 and 1997-1998, serum specimens referred to the National
Virology Laboratory at the Centro Nacional de Diagndstico y
Referencia, Ministry of Health, were analyzed by the two-en-
zyme RT-PCR assay. Viral RNA was extracted in duplicate
directly from patient serum and was amplified in duplicate on
different days to minimize the risk of artifactual results. Figure
3 shows representative results obtained for specimens collected
in June and July 1995. Specimens were obtained from patients
in Bluefields, on the Atlantic coast of Nicaragua (Fig. 3A, lanes
2t0 8, 11, and 12, and Fig. 3B, lanes 1 to 7), and Chontales, in
central Nicaragua (Fig. 3B, lane 12). The results for positive
(Fig. 3A, lanes 9 and 10; Fig. 3B, lanes 8 to 11) and negative
(Fig. 3A, lane 1) controls were as expected. Duplicate aliquots
of each specimen yielded consistent and reproducible results.
Figure 3A demonstrates that two dengue virus serotypes (e.g.,
lane 4, dengue-3; lane 8, dengue-2) were circulating simulta-
neously in the same geographical area. Figure 3B shows that
dengue-3 was circulating in two different regions of the country
(lanes 3 and 5, Bluefields; lane 12, Chontales). This assay has
been used for routine epidemiological surveillance in Nicara-
gua since 1995 and has been implemented by collaborators at
the Centro Nacional de Enfermedades Tropicales in Santa
Cruz, Bolivia (27). The RT-PCR assay with r7th has also been
successfully used to analyze RNA extracted from clinical spec-
imens (data not shown).

Detection of dengue virus in mosquitoes. To prepare mos-
quito samples for RT-PCR amplification, a procedure for the
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FIG. 4. (A) Detection of dengue virus in pools of mosquitoes by RT-PCR.
A total of 350 PFU of dengue-3 (den-3) was added to pools of mosquitoes, which
were then macerated. RNA was extracted as described in Materials and Meth-
ods, and one-fourth of the extract was amplified by RT-PCR (RAV-2 RT-Tag
polymerase). Lanes 2, 4, 6, and 8, silica particle eluate; lanes 3, 5, 7, and 9, pellet.
Lane 1, water (negative control); lanes 2 and 3, 0 mosquitoes; lanes 4 and 5, 5
mosquitoes; lanes 6 and 7, 25 mosquitoes; lanes 8 and 9, 50 mosquitoes; lane 10,
dengue-2 RNA (positive control); lane M, 100-bp ladder (lowest band shown,
200 bp). (B) Detection of dengue virus in laboratory-infected mosquitoes. Mos-
quitoes were inoculated with dengue-2 (den-2; strain 16681) and were frozen at
—70°C on the indicated days postinoculation. RNA was extracted and amplified
by RT-PCR (RAV-2 RT-Taq polymerase). Lane 1, 5 uninfected mosquitoes;
lane 2, one mosquito, one day postinoculation; lane 3, one mosquito, 2 days
postinoculation; lane 4, one mosquito, 3 days postinoculation; lane 5, one mos-
quito, 4 days postinoculation; lane 6, one mosquito, 6 days postinoculation; lane
7, one mosquito, 7 days postinoculation; lane 8, one mosquito, 21 days postin-
oculation; lane M, 100-bp ladder (lowest band shown, 100 bp); lane 9, five
mosquitoes, 2 days postinoculation; lane 10, five mosquitoes, 7 days postinocu-
lation; lane 11, five mosquitoes frozen 2 days after natural death; lane 12,
dengue-2 RNA (positive control); lane 13, water (negative control).

extraction of viral RNA from pools of mosquitoes without
degradation of the RNA or inhibition of the PCR amplification
was required. With a combination of a guanidine-based lysis
buffer, organic solvents, and silica particles, a protocol that
allows the reproducible isolation of very small quantities of
viral RNA in the presence of up to 50 A. aegypti mosquitoes,
without RT-PCR inhibitors, was developed. Pools of unin-
fected mosquitoes were spiked with exogenous viral particles,
and extracts containing RNA from <100 PFU of dengue-3
were amplified (Fig. 4A). Eluates from silica particles and the
silica pellets themselves functioned equally well. RT-PCR am-
plification of RNA extracted from laboratory-infected mosqui-
toes demonstrated that dengue viral RNA could be detected in
a single mosquito at as early as 1 day postinoculation (Fig. 4B,
lane 1), and at as late as 21 days postinoculation, our last time
point for detection (lane 8). Pools of five mosquitoes yielded
the expected positive results (lanes 9 and 10) as well. Dengue
viral RNA was also amplified from infected mosquitoes frozen
2 days after natural death (Fig. 4B, lane 11). The results for
negative (Fig. 4A, lane 1; Fig. 4B lanes 1 and 13) and positive
(Fig. 4A, lane 10; Fig. 4B, lane 12) controls were as expected.
Extracts could be stored frozen for at least 6 months without
RNase inhibitors with no detectable loss of RNA integrity.

DISCUSSION

We have adapted a rapid RT-PCR assay for the typing of
dengue virus in patient serum and mosquitoes for use under
the difficult conditions often prevailing in countries where den-
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gue fever is endemic. In general, PCR-based techniques can be
more rapid, sensitive, and specific than alternative techniques
when they are made accessible by a low-cost methodology that
involves the in-house preparation of reagents and materials,
recycling, simplification of procedures, and strict enforcement
of simple but effective procedures for minimizing DNA con-
tamination (12-14). Molecular techniques are particularly use-
ful for the detection and typing of dengue virus, and several
RT-PCR protocols have been described. Identification of the
four serotypes can be achieved by (i) nested amplification of a
primary product generated with universal dengue virus primers
(18, 20, 34), (ii) hybridization of a universal RT-PCR product
with type-specific probes (8, 15, 28), (iii) simultaneous ampli-
fication with four sets of type-specific primers (24), or (iv) use
of a single 5" universal primer and four type-specific 3’ primers
(18, 30). However, the performance of multistep nested am-
plification increases the risk of cross-contamination, especially
during routine analyses, while hybridization procedures entail
additional cost and can be compromised by low water quality.
Therefore, we have simplified the reverse transcription and
amplification procedures and minimized the number of prim-
ers required for the detection and typing of dengue viruses in
a single tube.

The single-tube multiplex assay described herein was adapt-
ed from a previously reported nested RT-PCR protocol (18).
The conditions of sample extraction and amplification were
modified such that the sensitivity of the single-step assay was
comparable to that of the original nested protocol and to those
of other RT-PCR assays for dengue virus detection (18, 24,
30). For instance, one of the primers was redesigned to im-
prove the efficiency of amplification, and cosolvents were in-
cluded in the reaction mixture to optimize the sensitivity. In
addition, this RT-PCR assay was adapted for use with the
bifunctional RT-polymerase r7th (Perkin-Elmer Corp.). This
thermostable enzyme is easier to transport and store in-coun-
try than other RTs, such as RAV-2 (Amersham Corp.), which
are extremely labile. We constructed an internal amplification
control that generates a uniquely sized product and eliminates
the risk of false-positive results due to cross-contamination.
This control has been useful for on-site troubleshooting of
both the reverse transcription and the amplification processes.

The utility of this single-step assay has been demonstrated in
laboratories in developing countries, including Nicaragua (Fig.
3), Bolivia (27), Ecuador (21), and Guatemala (31). Prior to
the introduction of the simplified dengue virus RT-PCR assay,
the National Virology Laboratory at the Nicaraguan Ministry
of Health had been unable to type circulating dengue viruses
due to the lack of the cell culture facilities or mosquito colonies
necessary for classical viral isolation procedures. Only a small
percentage of serum samples had been sent to laboratories
outside the country for typing, a costly and lengthy process.
Serotype information is particularly important, since all four
dengue virus serotypes have been reported recently in Nicara-
gua (2, 17). Since 1995, RT-PCR has been used for epidemi-
ological surveillance of specimens from selected patients sus-
pected of dengue virus infection and for rapid diagnosis for
particular patients, while routine diagnosis is still performed by
the immunoglobulin M enzyme-linked immunosorbent assay.
Samples positive by RT-PCR are subsequently processed for
viral isolation in order to obtain viral stocks for future analysis,
now that the necessary facilities are available. We have found
that the virus in specimens that are received by the National
Virology Laboratory from regional health centers in subopti-
mal conditions for culture nonetheless can be successfully am-
plified, suggesting that although virus infectivity is compro-
mised, viral RNA can still be detected.
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This RT-PCR technique was also used by scientists at the
Nicaraguan Ministry of Health in October 1995 to investigate
an outbreak of hemorrhagic fever in northern Nicaragua which
was initially thought to be caused by dengue virus. When these
scientists demonstrated, using RT-PCR and other serological,
virological, and entomological methods, that dengue virus was
in fact not the cause, international interest was generated. Teams
of scientists from CDC and the Instituto de Medicina Tropical
“Pedro Kouri,” Havana, Cuba, collaborated with Nicaraguan
investigators, leading to the discovery that the etiological agent
was in fact Leptospira (3). In August 1997, Bolivian scientists at
the Centro Nacional de Enfermedades Tropicales used this
RT-PCR assay to type dengue virus in Bolivia for the first time
and to identify dengue-2 as the serotype responsible for the
1997 epidemic in Santa Cruz, corroborating the results report-
ed by CDC (27). Thus, in-country access to simplified PCR-
based techniques is useful for immediate public health pur-
poses as well as for long-term epidemiological studies.

An RNA isolation method was required for the detection of
dengue virus in infected mosquitoes without RNA degradation
or PCR inhibition. The reported methods for the isolation
of RNA from mosquitoes require the use of costly reagents to
avoid inhibition (18), do not remove nucleases (7, 32), or con-
sume the entire extraction in a single amplification reaction
(7). Therefore, an extraction procedure that uses chaotropic
agents and organic extraction to remove nucleases and that
includes additional steps to remove substances potentially in-
hibitory to the amplification was developed. The resulting ex-
tracts are stable over time without the addition of expensive
nuclease inhibitors. RT-PCR conducted with RNA extracted
by this procedure exhibited excellent sensitivity and showed no
evidence of inhibition of amplification even in the presence of
large numbers of mosquitoes (Fig. 4A). Dengue viral RNA
from a single inoculated mosquito could be detected after as
little as 24 h and as many as 21 days. Furthermore, the extrac-
tion method was used to recover viral RNA from infected
mosquitoes frozen after natural death, suggesting that even
mosquitoes that have died during field collection can still fur-
nish valuable information about viral infection.

Due to the lack of a vaccine or a cure for dengue fever, the
development of laboratory-based surveillance systems is criti-
cal in order to provide early warning of dengue fever epidemics
(9). Such information can enable preventive measures (e.g.,
mosquito control) and enhance preparedness on the part of
physicians, hospitals, and the public. However, effective sur-
veillance requires that countries where dengue fever is en-
demic have access to appropriately adapted modern technol-
ogies. Therefore, we have modified a dengue virus RT-PCR
assay to make it suitable for use under existing conditions in
laboratories in countries where dengue fever is endemic.
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